We report on the structural and dynamical properties of an elastin mimetic peptide [LGGVG]3 under a variety of solvent environments via molecular dynamics simulation. The simulations are performed when the peptide is respectively mixed with pure water, methanol, ethanol, 1-propanol, dimethyl sulphoxide, acetone, benzene and toluene, as well as ureawater solutions. The pure solvent results indicate that the structures and dynamics of the peptide appear to be correlated to the polarity of the solvent molecules. The urea solution findings reveal that the peptide's structures and dynamics depend on the urea concentration of the solutions. The observations in this work strengthen the understanding in the structural and dynamical behaviors of the elastin mimetic peptide in solvents. From the results, we also suggest that the scheme implemented in this work can be used in studies of other biopolymers.
INTRODUCTION


Elastin is an extracellular insoluble protein that is responsible for the remarkable elasticity of many vertebrate tissues [1 -4] . The protein is elastic only when it is hydrated, and the origin of the elasticity has been correlated to the structures and internal chain dynamics of the protein in solutions [5 -7] . Upon raising temperature, an inverse temperature transition has been observed in elastin [8] . Similar thermal properties have also been observed in short peptides. For example, circular dichroism (CD) studies of the peptides [VPGVG] n showed that the peptides exhibited the same temperature-induced structural transitions as elastin polymers [9] . 2 H nuclear magnetic resonance (NMR) also revealed a thermal hysteresis in the backbone and side-chain dynamics of the peptide [VPGVG]3 [10] . This observation of the similar thermal properties in short peptides has encouraged the community to focus on also the structural and dynamical properties of the peptides, in order to shed light on the properties of elastin [11 -13] . Several commonly studied elastin mimetic peptides include repeating motifs of VPGVG and LGGVG, since the tandem repeats are found in the hydrophobic domains of elastin and the regions are believed to bear the source of elasticity [14] . For instance, NMR experiments indicated that the peptide [ LGGVG]n had structural similarities to elastin and some other elastin peptides [15] . Besides, the structure of the peptide poly [ LGGVG] was characterized by CD and NMR [16] , and the heterogeneity in the conformation of the peptide [ LGGVG]6 was also studied by solid state 13 C NMR [17, 18] . In addition, the structural characterization and biological properties of the amyloidogenic elastin-like peptide [VGGVG] 3 was also addressed [19] . More  Corresponding author. Tel.: +86-411-87402712. E-mail address: suncheng@dlu.edu.cn (C. Sun) recently, the phase behavior and chain dynamics of the peptide [ LGGVG]3 was investigated, and it was shown that a structural phase transition occurred around the physiological temperature, which was associated with the ferroelectricity of the elastin-like peptide [20] .
Solvent dynamics, polarity and solution concentrations are known to play an important role in the elasticity and dynamical properties of elastin and its mimetic peptides [21, 22] . For instance, experimental studies of the Young's modulus demonstrated that there was a direct correlation between elasticity and the solvent [7, 21] . CD studies of the effect of trifluoroethanol (TFE) on elastin peptide GVG[VPGVG]3 also indicated that a solvent matrix may form to assist hydrophobic interactions between peptide side chains, depending on the TFE concentration [23] . Besides, the effect of the calcium concentration on elastinlike polypeptides was experimentally studied [24] , the dynamical properties of elastin in various solvents was investigated by deuterium double quantum filtered NMR [25] , and the effects of sodium dodecyl sulfate (SDS) and TFE on elastin-like peptides [VPGVG]n were also studied by CD [9] .
Amongst various techniques that probe the properties of the elastin mimetic peptides, molecular dynamics (MD) simulation has shown to be a convenient, useful scheme in determining the structural and dynamical properties of the peptides. For example, MD simulations were employed on the elastin-like peptide [VPGVG] 18 to investigate the dominant source of elastin's elasticity [26] and the molecular basis for the inverse temperature transition of elastin [11] . MD simulations were also performed on the elastin mimetic peptide [LGGVG]3,7 to study the inverse temperature transition and elastomeric force development of elastin [27] . In this work, MD simulations were performed on the elastin mimetic peptide [ LGGVG]3 with several solvents, and the structural and dynamical properties of the peptide were investigated under different solvent environments.
METHODS
In this work, the MD simulations were performed using GROMACS [28] . The starting structure for all simulations was a linear chain of the peptide [ LGGVG]3 and the temperature was regulated at 37 °C using a Berendsen thermostat [29] . The peptide was terminated by the amine (-NH2) group at the N-terminus and the carboxyl (-COOH) group at the C-terminus. In the simulations, the peptide was placed in a 255.30 nm 3 cubic box mixed with a variety of solvents. The OPLS-AA/L force field model [30] was used for the solvents of water, methanol, ethanol and 1-propanol, and the GROMOS96 53A6 force field model [31] was employed for dimethyl sulphoxide (DMSO), acetone, benzene and toluene, as well as ureawater solutions. For the simulations involving water, the SPC216 water model was used [32] . For urea-water solutions the molar concentration of 7 M, 0.5 M and 6.7 mM were probed in this work. These values for the concentration were chosen so that it may mimic the real biochemical conditions where the urea concentrations are both high (i.e., 7 M) and low (i.e., 0.5 M and 6.7 mM), which may demonstrate different effects on the properties of the peptide.
For all solvents, a time duration of 4ns was simulated. The validity of the time duration used can be justified by the root mean square deviation (RMSD) as a function of time. As examples, Fig. 1 shows the RMSD of the α carbons (Cα) of [ LGGVG]3 with the solvents of water, 1-propanol, toluene and 7M urea. It is clear from Fig. 1 that the RMSD appears to reach an equilibrium value after 2 ns. Similar results of the RMSD were obtained for all solvents studied indicating conformational equilibrium. In addition, the results of the simulations of [LGGVG]3 for 4ns was found analogous to those obtained from the simulations for 20 ns in Ref. [27] . It should be noted that simulations on the order of a few nanoseconds may overlook certain slow dynamical processes associated with long correlation times [33] , and this is a limitation of short time MD simulation method. In all simulations, an energy minimization was first performed using the method of steepest descent to remove overlapping atoms [34] , followed by short simulations restraining the peptide position and equilibrating the temperature and pressure before executing the full simulations. All data presented below in this work were averaged over the last nanosecond of the full simulation, that is, from 3 ns to 4 ns.
RESULTS AND DISCUSSION
Simulations were first performed on the elastin mimetic peptide [ LGGVG]3 solvated with water, methanol, ethanol and 1-propanol, respectively. The results averaged over the last nanosecond are summarized in Table 1 . c Solvent accessible surface area was computed with the distance set to 0.14 nm. d Side-chain contacts were counted when two aliphatic carbon atoms were within 0.54 nm of each other, while atoms in neighboring residues were not considered. e Hydrogen bonds were counted when the hydrogen and the acceptor were within 0.35 nm and the hydrogen bonding angle was within 30 . f The life time (τc) of the peptide-solvent hydrogen bonds was determined by fitting to the autocorrelation function of the hydrogen bonds. Table 1 highlights the physical properties of radius of gyration (Rg) of the Cα of the peptide, root mean square fluctuation (RMSF) of the Cα, solvent accessible surface area (SASA) of the peptide, side-chain contacts, number of hydrogen bonds formed within the peptide (labeled peptide-peptide H bonds), and the hydrogen bonds between the peptide and different solvents (labeled peptide-solvent H bonds) as well as its life time. The metrics that were used to evaluate the physical properties are similar to that was implemented in Ref. [11] , and are detailed in the footnotes of the table.
Referring to the radius of gyration in Table 1 , the geometric size of the peptide with methanol or ethanol is larger than that with water, indicating an unfolded configuration for the peptide with methanol and with ethanol. This is consistent with the observations that the SASA and non-polar SASA in the case of methanol or ethanol are greater than the case of water, concomitant with that the number of side-chain contacts and the number of hydrogen bonds formed within the peptide are smaller for methanol or ethanol. The above observations clearly illustrate that once the peptide is solvated with pure methanol or ethanol, an unfolded structure is preferred instead of the native folded configuration of the peptide being in water.
Comparing the results for 1-propanol with those for water, it is found from Table 1 that although Rg and peptide-peptide H bonds are similar for both solvents, the SASA and side-chain contacts are different, suggesting also a variation in the structures between the two solvents. In order to further probe this, the Ramachandran plots of the valine (V) residues are shown in Fig. 2 , and the detailed hydrogen bonds within the peptide are also tabulated in Table 2 for both cases of water and 1-propanol. From Fig. 2 a, it is clear that ordered structures of α-helix and β-turn are both present in the peptide with water. The presence of these configurations is a wellknown notion in the elastin community, and it was also observed in the peptide of [LGGVG]3 with water previously [27] . However, only β-turn configuration is observed in the peptide with 1-propanol from Fig. 2 b, indicating a difference in the preferential structures between the two solvents. The result shown in Fig. 2 is in good agreement with the hydrogen bond numbers given in Table 2 , where the zero value for the n+4 → n peptidepeptide hydrogen bonds in the case of 1-propanol accounts for the absence of α-helix in the corresponding Ramachandran plot. The results from Fig. 2 and Table 2 , together with the larger SASA and smaller side-chain contacts revealed in Table 1 for 1-propanol, indicate that the peptide becomes less ordered once it is solvated with 1-propanol than that with water. 
where si (t) = [0,1] for H bond i at time t. The corresponding autocorrelation functions for the peptidesolvent hydrogen bonds are plotted in Fig. 3 for the solvents of water, methanol, ethanol and 1-propanol. By fitting the autocorrelation functions using multiexponential fits detailed in Ref. [35] , the H bond lifetimes τc were obtained, and are also tabulated in Table 1 . Referring again to Table 1 , the life time of the peptidesolvent hydrogen bonds is increased as the size of the solvent molecule increases from water to 1-propanol. The increase in the life time may therefore be attributed to the decrease in the tumbling motion of the solvent molecules, as the molecular size increases from water to 1-propanol. Besides, the α carbon RMSFs of the peptide with methanol, ethanol and 1-propanol are observed to be smaller than that with water, highlighting a less mobile dynamics of the peptide solvated with the former three solvents than that with water. This is strong evidence that the dynamics of the elastin backbone is correlated with the dynamics of the solvents, which was also reported in Ref. [36] wherein the water dynamics was found to play a crucial role in the elasticity of elastin by NMR. In this work, because the peptide is correlated with the methanol, ethanol or 1-propanol molecules for longer time (indicated by the life time) and meantime the three solvent molecules undergo slower motions than water, the mobility of the peptide is restrained by either of the three solvents, giving rise to smaller values for the RMSF than that for water. Next set of simulations were carried out on the peptide [ LGGVG]3 solvated with other commonly encountered solvents including dimethyl sulphoxide (DMSO), acetone, benzene and toluene. The average values of the peptide properties were also computed over the last nanosecond, and are tabulated in Table 3 . By comparing the properties shown in Table 3 with the case of water given in Table 1 , it is found that for all solvents studied in Table 3 the Rg and SASA are greater as well as the side-chain contacts are smaller than those for water. This demonstrates that the peptide is in an unfolded structure once it is solvated with either DMSO, acetone, benzene or toluene. In addition, the RMSF for all the solvents are observed to be smaller than that for water, indicating a reduction in the mobility of the peptide with these solvents. Further, by carefully examining Table 3 two other interesting features are also witnessed. One is that the life times of the peptide-solvent hydrogen bonds are much longer for DMSO and acetone (i.e., 431 ps and 583 ps), compared with that for water (i.e., 1.78 ps). This may be due to a combination of (a) the stable interaction between the peptide and the solvent molecules and (b) the relatively slow tumbling motions of the solvent molecules. The stable interaction between peptide and solvent is also revealed by the numbers of the hydrogen bonds shown in Table 3 , where the hydrogen bonds formed between peptide and solvent are much greater than that formed within the peptide for both DMSO and acetone.
The other feature is the observation that the number of the peptide-peptide hydrogen bonds for both benzene and toluene are large and even greater than that for water (shown in Table 1 ). This is attributed to the polarity of the solvent molecules. Note that the solvent polarity may be quantified by the dielectric constant (ε) of the solvent molecules, and the polarities of benzene and toluene are much weaker than those of DMSO and acetone (i.e, ε = 2.3 for benzene and 2.4 for toluene, while ε = 49 for DMSO and 21 for acetone at room temperature). Because the polarities of benzene and toluene are weak and no apparent H donor or acceptor groups exist in either benzene or toluene, there is no hydrogen bonding between the peptide and the solvent molecules, which manifests itself into the zero values for the peptide-solvent H bonds as indicated in Table 3 . In contrast to the case of DMSO and acetone wherein the polar sites of the peptide are attracted by the much polar solvent molecules, giving rise to few chances for the peptide to form hydrogen bonds within itself, the less polar benzene and toluene molecules are not so attractive to the peptide, or rather even repel the peptide; this is indicated by the reduction in the polar solvent accessible surface area with respect to those for DMSO and acetone, as shown in Table 3 . Therefore, the peptide tends to form more hydrogen bonds within itself in the circumstances of benzene or toluene, resulting in even greater values for the peptide-peptide H bonds than that for water. Further, the valine Ramachandran plots of the peptide with benzene and toluene is shown in Fig. 4 , highlighting a difference in the favorable structures for the peptide with benzene and toluene from that with water (indicated in Fig. 2 a) . Based on more detailed calculations of the hydrogen bonds within the peptide, it is determined that the n+4→n and n+3→n H bonds, which are indicative of α-helices and β-turns, occupy almost 49 % of the total peptide-peptide H bonds for water, while the proportion is only 13 % for benzene and 26 % for toluene. These numbers together with the Ramachandran plots shown in Fig. 4 clearly demonstrate that the favorable structures of the peptide with benzene or toluene are dramatically different from that with water.
Lastly, the peptide [LGGVG]3 with urea-water solutions was also simulated, and the molar concentrations of the urea solutions were 7 M, 0.5 M and 6.7 mM, respectively. The values for the physical properties of the peptide were also determined by averaging over the last nanosecond, and the results are given in Table 4 . It is evident from Table 4 that the two solutions with low concentrations of 0.5 M and 6.7 mM both give rise to the characteristics of the peptide that is very similar to the case of water (shown in Table 1 ). For example, the Rg, SASA, non-polar SASA, sidechain contacts and peptide-peptide H bonds for both 0.5 M and 6.7 mM urea are almost identical to the corresponding properties for water, indicating a similar structure of the peptide with low concentration urea-water solutions to that with pure water. This clearly shows that the effect of the presence of urea on the structural properties of the peptide is little at low concentration. While the dynamics of the peptide is varied by the presence of urea from pure water, as indicated by the RMSF for 0.5 M and 6.7 mM urea shown in Table 4 . It is also clear from Table 4 that almost every property of the high concentration solution of 7 M urea is different from that of the low concentration solutions of 0.5 M and 6.7 mM urea. For 7 M urea, the greater values of Rg, SASA and non-polar SASA, concomitant with the smaller values of the side-chain contacts and peptide-peptide H bonds, reveal an unfolded structure of the peptide with a urea concentration as high as 7 M. This finding is in good agreement with the known notion in the protein community that the urea solution with a molar concentration of 4 -7 M can cause an unfolding of the protein. Once the urea concentration is decreased the effect of the urea on the structural unfolding weakens, and this is well illustrated by the Ramachandran plots as shown in Fig. 5 . Fig. 5 highlights that as the urea concentration is decreased from 7 M to 6.7 mM, the structure of the peptide with urea-water solutions becomes similar to that with pure water. Referring back to Table 4 , with decreasing the concentration of the urea solutions, it is also observed that the number of the peptide-urea hydrogen bonds is decreased, together with that the number of the peptidewater hydrogen bonds is increased. This is obvious evidence that the introduction of the urea molecules would interrupt the interaction between peptide and water molecules, by forming new hydrogen bonds between peptide and urea molecules. This notion also correlates well to the values of the peptide-urea H bond life times indicated in Table 4 wherein the higher urea concentration (i.e., 7 M) results in a longer life time τc, suggesting a more stable interaction between the peptide and urea molecules. 
CONCLUSIONS
In this work, we have performed molecular dynamics simulations on the elastin mimetic peptide [LGGVG]3 solvated with a variety of solvents including pure water, methanol, ethanol, 1-propanol, DMSO, acetone, benzene and toluene, as well as urea-water solutions. The solvent dependent structural and dynamical properties of the peptide have been examined. The results of the pure solvent studies have shown that the structures and dynamics of the peptide are correlated to the polarity of the solvent molecules, through the interaction between the peptide and the solvent molecules. The findings of the urea solutions demonstrate the effects of the solution concentration on the peptide's structures and dynamics. The observations made in this work extend the understanding of the structural and dynamical behaviours of the elastin mimetic peptide in the solvents. From the results, we also suggest that the scheme implemented in this work be used in studies of other biopolymers.
